Abstract. The dwarf nova GW Librae is the first cataclysmic variable discovered to have a primary in the white dwarf instability strip, making it the only non-radially pulsating star known to be accreting. The primaries of CVs are notoriously difficult to study because they are embedded in hot, bright accretion discs. Applying the techniques of asteroseismology to GW Librae could give us an unprecedented look at a white dwarf that has undergone ~ 10 9 years of accretion. However, an accreting white dwarf could have a non-spherical internal structure, rendering the standard (spherically symmetric) solution to white dwarf pulsations invalid for its study. This paper presents amplitude spectra from four observing campaigns conducted on GW Librae during 1997 and 1998. The star's pulsation spectrum is highly unstable on timescales of months and exhibits clusters of signals very closely spaced in frequency, with separations on the order of 1 /iHz.
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Fig. 1. The spectrum of GW Librae at quiescence, obtained by P. Woudt with the SAAO 185 cm telescope on March 15, 1997. GW Librae's spectrum is typical of that of cool, low mass-transfer rate cataclysmic variables. The emission lines come from the accretion disk, and they sit on top of the very broad Balmer lines in absorption from the white dwarf's photosphere.
GW Librae is a faint dwarf nova (DN) which called attention to itself for the first time in 1983 when its brightness increased by ~9 mag (González 1983 ) -its only observed outburst. GW Librae is most probably a long outburst-interval DN, or WZ Sagittae star (Duerbeck & Sitter 1987) . A spectrum is presented in fig.l .
The DN are cataclysmic variables (CVs) in which the rate of mass transfer from the companion star, which feeds the accretion disk around the white dwarf, is very low. The accretion disks of the DN periodically go into "high states", in which the viscosities and temperatures of the disks, and therefore the accretion rate onto the white dwarf primaries, increase dramatically.
The WZ Sagittae stars are a subclass of the DN that are believed to have exceptionally low mass transfer rates from the secondaries, resulting in very low net accretion rates (and therefore low accretion heating) onto the primaries (Warner 1995) . The white dwarf pri-maries of the WZ Sagittae stars, therefore, have temperatures low enough to put them near to or within the DAV instability strip. GW Librae's extreme faintness (V«18) precluded interest in it for 14 years following its outburst, until we chanced upon the unusual properties of its lightcurve while observing it with a sensitive high speed CCD photometer. The Fourier transform of its light-curve resembled that of a non-radially pulsating single white dwarf.
This was the first time that non-radial pulsations were observed in an accreting white dwarf. It had previously been assumed that accretion would keep the primaries of CVs too hot to pulsate (Warner 1997).
THE SIGNIFICANCE OF AN ACCRETING PULSATOR
White dwarfs in CV systems, with long accretion histories and many novae eruptions during their « 10 9 -10 10 -year lifetimes (Warner 1995), could have very different internal structures from single white dwarfs. The primary of a CV is notoriously difficult to study; it is difficult to deconvolve the white dwarf's contribution to the total light from the system from that of the accretion disk, bright spot and boundary layer.
Using the tools provided by asteroseismology, GW Librae's pulsations could potentially tell us a great deal about the accretion process in CVs, about the long-term effects of accretion on the structure of CV primaries and about the evolution of interacting binary systems in general.
In addition, the existence of an accreting white dwarf pulsator has some exciting implications for the study of single white dwarfs. As DA white dwarfs cool on evolutionary timescales, taking 5 -10 • 10 8 years to pass through the DAV instability strip (Wood 1990 , 1992 , Kleinman 1998 , their pulsations change in ways not yet fully understood. What effect will DN outbursts have on GW Librae's pulsations? It may be possible for us to watch GW Librae's primary move through the instability strip in a matter of weeks or years, as the white dwarf photosphere cools after dwarf novae outbursts. 1998. The bulk of the data were obtained from the South African Astronomical Observatory in Sutherland, South Africa. In order to aid the resolution of the time-series spectra, we attempted a multi-site campaign in May 1998, with observers in Australia, New Zealand, Arizona, Chile and South Africa participating. Due to poor weather at most of the sites however, the final dataset for May/June 1998 consists almost entirely of data from South Africa, with two halfnights from Mt. John, New Zealand. Fig. 2 shows the gross features of the pulsation spectrum from each of the four observing campaigns. GW Librae's pulsation spectrum shows the unstable behavior typical of the cool, large amplitude DAV white dwarf pulsators, whose pulsation amplitudes often change dramatically from month to month (Kleinman et al. 1998) .
THE PULSATION SPECTRUM OF GW LIBRAE
The amplitudes of the oscillations in GW Librae's light curve are very small (~5 mmag), but since we expect at least half of the light from the system to be coming from the accretion disk, the intrinsic amplitude of the pulsations is likely to be much greater. Indeed, it is possible that the star is pulsating in many more modes than are visible to us, with amplitudes too low to be detected above the light of the accretion disk in our present dataset.
The three 1997 datasets are composed of short observing runs (1 to 6 hours) over short baselines 1 week). The May/June 1998 dataset consists of two weeks of 10-to 11-hour runs from South Africa and two 4-hour runs from New Zealand, with an additional three nights of data two weeks after the end of the main run, giving a total baseline of more than a month (and a dreadful spectral window). It was with this dataset that we hoped to unravel the mysteries of GW Librae. GW Librae's pulsation spectrum, however, has proved extremely difficult to interpret. Ironically, the simplest feature of the May/June 1998 amplitude spectrum is the structure at 236 s, of which there is no trace in the amplitude spectra of the previous year's datasets.
The power at 236 s
At first glance, the structure at 236 s (Fig. 3, second panel) resembles the spectral window fairly closely (Fig. 3, first panel) . However, an O -C diagram of the phases of this oscillation over the length of the observing campaign reveals a sinusoidal variation with a period of ~15 days. This could indicate that the mode is a doublet.
The third panel of Fig. 3 shows the results of prewhitening with the 236 s signal: an additional, low-amplitude component is revealed. If the 236 s signal is a rotationally-split doublet, the frequency difference between the components, 0.79 //Hz, is incredibly small. If this is an i = 1 mode (for example), the implied rotation period of the star is 7.3 days (from the properties of r/-modes; see for example Winget et al. (1991 Winget et al. ( ,1994 ). This is much longer than we would have expected: most single DAVs rotate with periods of around a day (Kleinman 1995 ), but we would be expecting a white dwarf that has spent the last 1-10 billion years in an accreting environment to be spinning much more rapidly.
It is worth mentioning that any frequency splitting in the amplitude spectrum that corresponds to periods of around 15 days should be treated with great suspicion: such a period is uncomfortably close to the length of the major component of the observing campaign and is therefore a feature of the spectral window. However, in the case of the 236 s structure, both components are fairly clean and easy to resolve, so it is possible to measure their frequency separation quite accurately. No frequency splitting in the spectral window corresponds to the spacing of the doublet components, so we are fairly sure that the low amplitude component is not an artefact of the sampling function. Note: The 1997 amplitude spectra are poorly resolved. In view of the complexity of the 1998 amplitude spectrum, many of the "periods" found in the 1997 data are likely to be blends of several unresolved components. 
The powers near 376 s and 650 s
The other principal regions of power in the pulsation spectrum of the May/June 1998 dataset -the structures near 376 s and 650 s -are a great deal more complex than the 236 s doublet. Fig. 4 shows the 376-and 650 s regions of the May/June 1998 amplitude spectrum in detail. The spectral window is plotted in the top panels.
It is evident at a glance that there is a lot more going on in these regions of the amplitude spectrum than in the 236 s region: Fig. 4 reveals a great deal of fine structure. While some of this fine frequency splitting matches the frequency spacing of the "hair" in the window pattern, the power in the 376 s and 650 s regions appears to be dominated by signals spaced ~ 1 //Hz apart; a frequency spacing which does not appear in the window pattern. (The Fourier transform of the May 1998 data alone gives a much cleaner spectral window, but the ~ 1 //Hz-splitting is still apparent in the power in the 376-and 650 s regions. We have included the June 1998 data with the May 1998 data, in the hope that the extended baseline will increase our chances of resolving closely spaced signals, even though we run a greater risk of introducing frequency-or amplitude-modulation sidebands if the pulsations are not stable.)
Using a non-linear fitting and Fourier analysis program written by D. O'Donoghue (based on Deeming's (1975) algorithm for the time-series analysis of unequally spaced data) to prewhiten and simultaneously fit the extracted frequencies, amplitudes and phases to the light curve, we find that the power near 376 s appears to be made up of at least 6 signals, while that near 650 s appears to be made up of at least 7 signals. Table 1 contains all the signals found in the four datasets with signal-to-noise greater than 3.
The interpretation of these signals has proved an extremely difficult task. We do not know whether these signals represent individual periodicities from the star, or whether we are seeing the effects of non-stationary behavior in the pulsation spectrum; i.e., frequency, amplitude or phase modulation, or whether we are seeing the artefacts of some interaction between closely spaced signals not yet seen in the amplitude spectra of other pulsating white dwarfs.
If the signals we detect are pulsations intrinsic to the star, their explanation presents a challenge to the standard "hydrogen atom" model describing the pulsation eigenmodes of white dwarfs. All known oscillating white dwarfs pulsate in dipole or quadrupole (£ = 1 or i = 2) modes (Bradley 1996) , which, with rotational splitting, give amplitude spectra consisting of series of triplets and quintuplets. It is not easy to find a convincing explanation for GW Librae's clusters of 6 and 7 signals in terms of dipole and quadrupole modes.
Could the structures near 376 s and 650 s consist of two or more closely spaced or superimposed triplets or quintuplets? The structure in the 376 s region appears to consist of a fairly well resolved triplet and a second triplet whose components are blended. Simultaneous non-linear sinusoid fitting gives us two triplets, each of whose components are separated by about 1 /¿Hz (Table 1) . (Having a resolved triplet and an unresolved triplet with the same component spacing is not inconsistent: experiments with multi-signal spectral windows indicate that the resolvability of a triplet with a spacing of 1 //Hz in this dataset depends only on the phase-relationship of the components, i.e., on where in the beat cycle of the triplet's components the light curve is sampled (van Zyl 1998 , Kleinman 1998 .
The triplets near 376 s are unlikely to be modes of the same £, because they are uncomfortably close together: their separation is ~15 //Hz in frequency, or s in period. The relation for the periods of g-modes is given (in the asymtotic limit) by
A:An F = -. + constant y/W+l) (Tassoul 1980) , where All is a function of the mass of the star. From Bradley (1996) , aDAV with a hydrogen envelope of 1.5 xlO -4 M Q (we expect a relatively massive H envelope for CV primaries) has an Il-mode average period spacing of 58 s for a mass of 0.4M©, and 34 s for a mass of Q.95MQ. For higher mass white dwarfs, crystallization becomes important, which tends to drive the periods of successive modes apart again (Nitta et al. 2000) . Likewise, the smallest average period spacing for i -2 modes would be ~ 20 s.
The structures near 376 s and 650 s are therefore highly unlikely to consist of pairs of modes of the same t (unless some hitherto unknown mode "supertrap" is at work here). What about pairs of modes of different 11 Bradley's (1996) tables of white dwarf periodicities show no instances of very close pairings or superpositions of modes of different i.
Another uncomfortable aspect of the amplitude spectrum is the very small frequency spacings we are seeing. If this splitting is caused by stellar rotation (the dominant cause of fine splitting in DAV pulsation spectra -Clemens (1994), Winget et al.(1994) ), then GW Librae's primary is rotating much more slowly than any known single DAV, while (as mentioned before) we would expect an accreting white dwarf to be rotating much more rapidly. The fine splitting of GW Librae's modes is not likely to be due to magnetic fields, either: GW Librae is a DN, and therefore almost certainly has a weak or no magnetic field (Warner 1995) . The possibility of fine splitting of modes caused by physical mechanisms within the star other than rotation or magnetic fields needs to be investigated.
It is also possible that the fine structure we see in the amplitude spectrum is the result of frequency, amplitude or phase modulation arising from non-stationary behaviour of the pulsation modes of the star. A comparison of all four 1997/98 observing campaigns shows the amplitude spectrum to be very unstable in the 376 s and 650 s regions on timescales as short as one month. Fig. 5 shows the amplitude spectra of the four observing campaigns near 376 s and 650 s. With such dramatic changes in the pulsation spectrum from one observing campaign to the next, it is not unreasonable to have doubts about the stationarity of the pulsations during the observing campaigns themselves. 
Linear combinations
We have detected four regions of excess power at linear combination modes in the May/June 1998 amplitude spectrum. The amplitudes are very low, only a factor of two above the noise (the signal-to-noise of the three 1997 datasets is too low for any linear combinations at these amplitudes to be detected).
The signal-to-noise of the power at the linear combination regions of the May/June 1998 is very poor, and the reality of the frequencies extracted from the principal regions of power is questionable, so we were very surprised to discover 24 signals in the linear combination regions that corresponded to better than 1 ¿¿Hz (some to better than 0.1 //Hz) to elements of a set of 43 combinations calculated from the highest-amplitude signals in the principal regions of power. Of course, there will be chance alignments with noise, but we believe that a signal is more likely to be real if it appears in linear combinations as well.
PROBLEMS UNDERSTANDING ACCRETING PULSATORS
GW Librae's pulsation spectrum is very difficult to interpret. This is largely because we do not yet have an adequate dataset -a great deal of telescope time will need to be invested in the star before we can hope to make progress unravelling its amplitude spectrumbut we believe that there are two further issues that will need to be considered carefully before any progress can be made understanding GW Librae.
GW Librae differs from other DAVs in that it is an accreting system, and has probably had a long history of accretion. We need to think about the possible effects of accretion on the oscillation modes of white dwarfs.
4-1. Deviations from spherical symmetry
For a CV primary accreting angular momentum from an accretion disk for a few xlO 9 years, the time taken to spin it up to break-up velocity is relatively short, but its actual P rot depends on a number of competing and uncertain factors (Warner 1995). The shortest rotation period for a white dwarf is given by Warner (1995) as ¿rot.min = 15.1 M* seconds, (0.4M© < M* < 0.7M©).
Measured rotation periods for the primaries of non-magnetic CVs are extremely short, on the order of 30 to 120 s (Shafter et al. 1985 , Sion et al. 1994 , Warner 1995 . The ii rot s of these white dwarfs are up to three orders of magnitude higher than the fi rot s of the single DAVs; in fact, they are spinning within factors of 2 to 10 of their break-up il rot .
Such rapid rotation distorts the white dwarf. Tassoul (1978) shows that the equatorial radius of a white dwarf spinning at the break-up velocity is 1.255 times its average radius. Since we have no reason to believe that GW Librae's primary's rotation velocity is atypical of its class, we need to worry about the effects of rapid rotation and departures from spherical symmetry on its pulsation eigenmodes. The "hydrogen atom" approach to white dwarf oscillation modes owes its success to the fact that the pulsating white dwarfs studied up to now have all been spherically symmetric to a very high order, but this model may prove inadequate for describing GW Librae's eigenmodes.
Further departures from spherical symmetry within an accreting white dwarf arise from the way in which material from the inner disk accretes onto the star. If the white dwarf has no significant magnetic field, material from the disk will accrete onto the equatorial regions of the star (provided that its equatorial plane coincides with the orbital plane of the binary system, which in general is the case).
The white dwarf therefore developes an accretion-heated equatorial band that has a different angular momentum and chemical composition structure to the cooler, higher-latitude regions of the star. The effect is especially pronounced after superoutbursts (massive disk instabilities in which a large fraction of the material in the disk is dumped onto the star). Sparks et al. (1993) find that after WZ Sge's superoutbursts, the hot accreted material is confined to a broad equatorial band on the primary for ~10 years. The problem of lateral heat-, mass-and angular momentum-transfer in CV primaries is not well understood (see Pringle (1998) for a discussion), but we cannot ignore the strong possibility that the primaries of the DN have a latitude-dependent temperature, angular momentum and chemical composition structure in their outer layers.
What effect will these deviations from spherical symmetry within the white dwarf's envelope have on the pulsational eigenmodes of the star? Perhaps accretion-induced latitudinal differential rotation is the cause of the hyper-fine splitting we see in GW Librae's pulsation spectrum?
As yet, no-one has tried to model the pulsational behavior of an accreting DAV, so at present we can only speculate. If these spherical assymetries extend to the depth of the pulsation driving zone, the pulsation eigenfunctions could be dramatically affected. Cool DAVs, with deep driving zones, have very different pulsational properties from hot DAVs, with shallower driving zones (Clemens 1994 , Kleinman 1995 . What would the pulsation spectrum of a white dwarf with a latitudinally-dependent driving zone depth look like?
4-2. Non-stationary pulsation spectra
The DN undergo outbursts (in which the accretion disks go into "high states" and dump hot material onto the primaries) on timescales of days to years, and the WZ Sge stars undergo massive outbursts ("superoutbursts") on timescales of tens of years. Outbursts and superoutbursts increase the white dwarfs' effective tem-peratures by up to 8000 K, after which their photospheres take weeks to years to radiate the excess heat away and cool to quiescent temperatures (Long et al. 1994 , Sion & Szkody 1990 ).
We do not know what effect this periodic heating and cooling of the photosphere may have on the pulsations of a DAV DN primary, or even whether these temperature changes extend to the depth of the pulsation driving zone. If the pulsational properties of the star are affected, the implications are great: the hot DAVs tend to have only a few low amplitude, short period modes, while the cool DAVs have many modes, with longer periods and higher amplitudes (Clemens 1994 , Kleinman 1995 , Kleinman et al. 1998 , so if the photosphere temperatures change, the frequencies and amplitudes of the pulsations may change too. If a DAV DN primary travels from the cool end of the DAV instability strip to the hot end and back again every time the accretion disk goes into outburst or superoutburst, then perhaps frequency and amplitude modulation dominates the stars' pulsation spectra. Perhaps this is what we see in GW Librae?
In addition to the steady temperature changes of the photosphere resulting from disk outbursts, there are also accretion-induced temperature perturbations which affect the pulsations. Flickering in DN quiescent lightcurves indicates that accretion is very "blobby" (Warner 1995) . Blobs of material accreting onto a star unstable to pulsations may behave in a similar fashion to a stochastic hammer applied to an oscillator, inducing phase changes in the oscillations.
CONCLUSION
The pulsation spectrum of GW Librae has proved very difficult to interpret and to understand. We need vastly more observational data, with longer baselines and much better duty cycles. Unfortunately, GW Librae is too faint for the WET; CCD-equipped multisite campaigns will be required.
In addition, we need to model the behavior of ^-modes in rapidly rotating white dwarfs with latitude-dependent temperature, angular momentum and chemical composition structures in their outer layers, as well as the effects of DN outbursts and superoutbursts on the stars' eigenfrequencies.
Understanding GW Librae's pulsation spectrum will require a great deal of effort and telescope time, but the rewards are potentially enormous. CV researchers could gain an unprecedented view of the innards of a star that has been accreting for ~ 10 10 years, in addition to learning a great deal about the accretion process itself and the poorly-understood physics of the accretion disk-white dwarf boundary layer. White dwarf researchers now have a DAV that, thanks to the superoutbursts from its accretion disk, perhaps moves through the DAV instability strip 10 7 -10 8 times faster than other DAVs; a timescale far better suited to us mortals.
